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ABSTRACT
COMPUTATIONAL ANALYSIS OF CHANGING WAVELENGTH ON BOTTOM RIB
AND SIDE RIB WAVY MICROCHANNEL HEAT SINKS
by Ty C. Kieger
As the power capacity of microelectronics continues to increase while their volume and
size decrease, many different on-chip methods including microchannel heat sinks (MCHS)
are being explored to cool down the temperature of these electronics. Wavy MCHS have
been proven to yield better heat transfer performance compared to straight MCHS, while
only producing a slightly larger pressure drop. This study investigates the heat transfer
performance of MCHS following a vertical wavy design and a horizontal wavy design that
have the same cross-sectional area. The simulations show that vortices are produced along
the channel in the peaks and troughs of the sinusoidal waves which creates mixing within the
coolant to better dissipate the heat via convection. The vertical wavy design produces to long
symmetrical vortices that travel along the side of the channel, while the horizontal wavy
design produces four smaller symmetrical vortices that form at the top, middle, and bottom of
the channel. The results show that the horizontal wavy design performs better than the
straight and vertical wavy channel especially with a larger decrease in wavelength along the
flow direction.
Keywords – Heat Transfer, Wavy Microchannel Heat Sinks, Computational Fluid Dynamics
(CFD)
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1 INTRODUCTION
1.1

Literature Review
Advancements in technology have brought forth the miniaturization of electronic devices

while significantly increasing their power consumption. High-power density devices are
quite attractive as they are very compact and allow for higher performance computing.
Thermal management plays a crucial role in electronics by cooling them and maintain them
at an adequate temperature at which the device can still operate. Heat sinks have been used to
dissipate the heat from these devices by using their high surface area, which allows for more
convection heat transfer to reduce the temperature. Tuckerman and Pease [1] first
experimented on a microchannel heat sink (MCHS) and discovered that their compact size
and high heat transfer performance could be useful for the cooling of electronic devices even
at the cost of a higher pressure drop. This enhanced heat transfer performance is due to the
MCHS having a high surface-to-volume ratio which is advantageous for increasing
convection heat transfer, as well as the overall heat transfer coefficient being inversely
proportional to the hydraulic diameter which results in a higher heat transfer coefficient for
very small hydraulic diameters. A common classification for MCHS is given by Mehendale
et al. [2], defining a microchannel as one with a hydraulic diameter between 1-100 μm. This
classification of MCHS will be acknowledged for this project.
The cross-sectional shape of a MCHS can take many forms and can be used to reduce the
pressure drop while considerably increasing the heat transfer performance. Wang et al. [3]
conducted numerical simulations on microchannels with varying aspect ratios for
rectangular, triangular, and trapezoidal shapes. They determined via Computational Fluid
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Dynamics (CFD) simulations that the triangular channel produced the lowest pressure drop,
however, at the expense of having the highest temperature distribution and thermal resistance
and therefore being reported as the least performing channel. The trapezoidal channel was
found to have a low-temperature distribution and thermal resistance performing nearly as
well as the rectangular channel, but only at a very narrow hydraulic diameter leading towards
a rectangular-like shape, so it was concluded that the rectangular shape is the best performing
channel. These results agree with Gunnasegaran et al. [4] that heat transfer performance is
best for rectangular, followed by trapezoidal, and then triangular. Their numerical results
demonstrated that the rectangular channel performs best with a smaller hydraulic diameter.
The straight rectangular channel has been commonly used for heat sinks due to its easy
manufacturability but often lacks in heat transfer performance due to the thickening of the
thermal boundary layer in the flow direction and lack of mixing within the fluid. These two
issues are significant because the heat transfer coefficient is inversely proportional to the
thermal boundary layer thickness, which grows in the direction of flow while mixing within
the flow enhances the heat transfer phenomenon.
It has been demonstrated by Metwally and Maglik [5] and Manglik et al. [6] that
sinusoidal patterns in macro-channels create disruption and considerably decrease the
thickness of the thermal and velocity boundary layer which enhances heat transfer
performance and momentum. They also discovered that mixing in the flow is enhanced due
to counter-rotating vortices found in the cross-sections of trough regions of the wavy
channel. Sui et al. [7] conducted experiments to study the fluid flow and heat transfer effects
for sinusoidal wavy microchannels with different amplitudes at varying Reynolds numbers.
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Their results aligned with those of Manglik et al. [6] showing the rise in heat transfer
performance for wavy channels compared to straight, but also at the expense of a small
increase of pressure drop.
Many numerical studies have been conducted on left-right and up-down wavy MCHS
throughout the last decade. Mohammed et al. [8] investigated the influence of amplitude for
left-right wavy MCHS at different Reynolds numbers. It was concluded that the temperature
of the MCHS decreased as the amplitude increased up until a certain non-dimensional wavy
amplitude. Sui et al. [9] utilized CFD simulation to study the relative wavy amplitude of leftright wavy MCHS defined as amplitude/wavelength and determined that increasing the
relative waviness (shorter wavelength along the flow direction) increases the convective heat
transfer coefficient. It was suggested for a chip that has a hot spot in the center that the
relative waviness in that area can be shortened (shorter wavelength in flow direction) to
allow for adequate mixing and disturbance of the thermal boundary layer thickness to
improve the heat transfer performance in that specific region. Patterns of Dean vortices,
counter-rotating vortices caused by secondary motion, were also noted as a contributor to the
heat transfer enhancement in the wavy channels.
The up-down wavy design has also been investigated for a superior alternative to the
straight channel. Sakanova et al. [10], [11] studied up-down wavy microchannels with a
focus on the effect of amplitude and wavelength, discovering that the lowest thermal
resistance is achieved at higher amplitudes with shorter wavelengths. The heat transfer
performance for left-right and up-down wavy designs has been studied and compared by Zhu
et al. [12]. Their results showed that the up-down design was superior at shorter wavelengths
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regardless of aspect ratio, channel height, or ratio of amplitude to wavelength, but both
designs performed similarly at larger wavelengths. The up-down wavy design performs
better at shorter wavelengths because it was found to have a lower pressure drop, which at a
constant pumping power results in a low velocity that can lessen heat transfer enhancement.
The amplitude and wavelength have been observed as important parameters in enhancing
the heat transfer performance of wavy MCHS. Lin et al. [13] investigated the effects of
changing wavelength and amplitude for left-right MCHS. They compared wavy designs with
increasing or decreasing amplitude and constant wavelength along the flow direction, wavy
designs with increasing or decreasing wavelength and constant amplitude along the flow
direction, and wavy designs with constant wavelength and amplitude to a straight channel
design. It was concluded that the designs with a decreasing wavelength or increasing
amplitude along the flow direction provided the lowest thermal resistance. It was also
mentioned that an optimal design can be found by simultaneously varying the wavelength
and amplitude and setting Δ𝜆 equal to the change in wavelength between two adjacent wavy
units, and similarly for the amplitude. Their study found that Δ𝜆 = 400 𝜇m and Δ𝐴 = 8 𝜇m
was the optimal combination.
As the power dissipation of microprocessors continues to increase, different methods of
on-chip MCHS have been investigated to reduce and thermal resistance due to the interface
between the convective cooling medium and the heat-generating chip [14]. Data centers are
home to hundreds of servers that contain many electrical components including processing
chips. The need to build more energy-efficient data centers has been brought to light over the
years as the data center industry is currently responsible for 1.3% of the worlds electricity
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consumption [15]. For a typical data center, roughly 38% of its power consumption is
allocated for the cooling systems so integrating MCHS into processor cooling systems can
have a huge impact in reducing the power consumption of data centers [15].
1.2

Objective
This study is designed to assess the hypothesis that increasing or decreasing the

wavelength along the direction of flow will enhance the heat transfer performance for both
up-down and left-right wavy microchannel heat sinks. Up-down and left-right will be
referred to as vertical wavy and horizontal wavy, respectively, in this present study. This
hypothesis will be tested by comparing the Nusselt number, bottom wall temperature
difference, and thermal resistance of vertical and horizontal wavy MCHS with increasing or
decreasing wavelengths to those of the straight channel. This comparison will aid in
determining if more complex wavy MCHS are worth pursuing for better heat transfer
performance than straight MCHS. A fair comparison can be made between the straight,
vertical wavy, and horizontal wavy designs since the projected channel length in x-direction
will be the same while the arc length of the channel path will have a negligible difference.
The higher heat transfer effect for both designs is expected due to the increased quantity of
vortices produced within the flow. The bottom wall temperature difference, Nusselt number,
and thermal resistance are the performance indicators that will be examined to determine a
superior design.
This study was partially inspired by the work of Lin et al. [13], who investigated
horizontal wavy MCHS at simultaneous varying amplitude and wavelength. This present
study will computationally investigate both horizontal and vertical wavy designs with
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simultaneous varying amplitude and wavelength. Studying different wavelengths and
amplitudes will provide insight to an optimal combination for vertical and horizontal wavy
MCHS designs.
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2 METHODOLOGY
2.1

Model Validation
The present CFD model has been validated using the published experimental data for the

friction factor and the Nusselt number from Sui et al. [7]. The experimental results were
obtained for a horizontal wavy sinusoidal MCHS with a constant amplitude of 138 𝜇m and a
constant wavelength of 2500 𝜇m at Reynolds number of 300-800 varying by 100. The
sinusoidal wave can be constructed using Equation 1 where A is the amplitude and 𝜆 is the
wavelength. The materials chosen for the solid and liquid are copper and water, respectively,
and their thermophysical properties are shown in Table 1 at room temperature of 293 Kelvin.
𝑦 = 𝐴𝑐𝑜𝑠(2𝜋𝑥/𝜆)

(1)

Table 1
Thermophysical Properties of the Solid and Fluid Used
Material
Coolant: Water
Solid: Copper
2.2

Density (kg /m3)
998.2
8978

Cp (J/ kg K)
4182
381

k (W /m K)
0.6
387.6

𝝁 (kg/ m s)
0.001003
--

Model Validation – Geometry
The geometry studies by Sui et al. [7] has a constant channel profile that spans along the

length of the MCHS with a total of ten wavelengths. The geometric parameters for this
MCHS are listed in Table 2 below. The hydraulic diameter is calculated using Equation 2
which is for a rectangular duct with all four sides of the duct considered as the wetted
perimeter, where a is the height and b is the width [16].

𝐷ℎ =

7

2𝑎𝑏
𝑎+𝑏

(2)

Table 2
Geometric Parameters of Wavy MCHS Studied by Sui et al. [7]
𝐻𝑐 (𝜇𝑚) 𝑊𝑐 (𝜇𝑚) 𝑆𝑟 (𝜇𝑚) 𝑆𝑏 (𝜇𝑚) 𝐷ℎ (𝜇𝑚) 𝐿𝑐 (𝜇𝑚) 𝐴 (𝜇𝑚)
406
207
96.5
96.5
262.96
25000
138

𝜆 (𝜇𝑚)
2500

The geometry was created in SOLIDWORKS using a function curve in the form of
Equation 1 and off-setting additional curves by the thickness of the ribs, 𝑆𝑟 , and channel
width, 𝑊𝑐 , and extruding the base and the ribs to the height of the base, 𝑆𝑏 , and the channel
height, 𝐻𝑐 , respectively. The complete 3D model is shown in Fig. 1.

Fig. 1. Geometry of single wavy channel of 3D model from Sui et al. [7] experiments.
The experimental setup of Sui et al. [7] included an inlet entrance region before entering
the channel. This region was not fully described in this study, so two methods were explored
to replicate the entrance region. The first method was to extend the wavy region of the inlet
by half the length of the channel as shown in Fig. 2. The second method displayed in Fig. 3
8

Fig. 2. Geometry of single wavy channel with extended wavy inlet.

Fig. 3. Geometry of single wavy channel with extended straight inlet.
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included extending the inlet with a straight channel using the hydrodynamic entrance length
for laminar flow described in Equation 3 [16] to initiate fully developed flow entering the
MCHS.
𝐿ℎ,𝑙𝑎𝑚𝑖𝑛𝑎𝑟 = 0.05𝑅𝑒𝐷ℎ
2.3

(3)

Model Validation – Meshing
Three mesh sizes were selected to conduct a grid independence study to determine if the

mesh resolution had any effect on the accuracy of the result. The coarse, medium, and fine
meshes used in Zhu et al. [12] and Lin et al. [13] were initially used as reference points when
selecting the number of fluid nodes for the meshes in the present study due to the similarity
in geometries and CFD models and were varied slightly to produce three new mesh sizes.
The three mesh sizes are shown in Table 3. The total number of fluid nodes were considered
more significant in determining the mesh size than the number of solid nodes because there
are more governing equations that are solved in the fluid nodes which will significantly affect
the total time for computation. The average computational time for the medium mesh took
roughly 18 minutes longer than the coarse mesh, but the fine mesh clocked in at over an hour
longer than the medium mesh.
Table 3
Mesh Sizes and Computational Time

x-direction
y-direction
z-direction
Fluid Nodes
Total Nodes
Average Time (minutes)

Coarse
150
30
35
157500
171168
5.26
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Medium
300
40
45
540000
570338
23.94

Fine
450
50
55
1237500
1290708
107.44

The criteria examined for the mesh quality is aspect ratio, skewness, and orthogonality,
and Table 4 includes the maximum, average, and minimum of each criterion for all three
meshes. The criteria used in this study was referenced from the “Introduction to ANSYS
Fluent” lecture [17] which suggested a skewness less than 0.95, orthogonality greater than
0.1, and aspect ratio less than 100 which are met by all three mesh sizes.
Table 4
Mesh Quality Criteria for All Meshes
Coarse
Medium
Fine
Metric
Min.
Avg. Max. Min.
Avg. Max. Min.
Avg. Max.
Aspect Ratio
8.45 24.62 25.16
8.45 16.78 16.5
8.45 13.76 14.14
Skewness
2.03E-04 0.14
0.24 1.29E-03 0.14 0.31 1.06E-04 0.14 0.37
Orthogonality
0.87 0.96
0.99
0.88 0.97 0.99
0.85 0.99 0.97

2.4

Model Validation – Simulation
The commercial CFD software Ansys Fluent which uses the finite volume method

(FVM) was selected for this study with the standard SIMPLE (Semi-implicit method for
pressure-linked equation) scheme for pressure-velocity coupling. The convergence criteria
were set to 1e-6 for all equations to ensure accurate results for the model containing singlephase flow. Fig. 4 shows that a tight convergence of 1e-6 was met by all equations, and no
large positive slope is seen that would have resulted in divergence. The laminar viscous
model is used due to very low Reynolds numbers for internal flow.
The governing equations for thermal and fluid flow including the continuity, momentum,
and energy equation, and also the energy equation for a solid are solved simultaneously.
These governing equations [16] are shown in Equations 4 through 9. Assumptions have been
made to reduce the number of terms and simplify the equations. These assumptions include
steady-state, laminar flow, incompressible flow, and constant viscosity.
11

Fig. 4. Normalized residuals vs. iterations at Re = 800 for coarse mesh.
Continuity equation:
𝜕𝑢
𝜕𝑥

𝜕𝑣

+ 𝜕𝑦 +

𝜕𝑤
𝜕𝑧

=0

(4)

Here, u, v, and w are the corresponding x, y, and z velocity components, respectively, given
by. This equation demonstrates that mass is conserved.
Momentum equations:
𝜕𝑢

𝜕𝑢

𝜕𝑢

𝜕𝑢

𝜕𝑝

𝜕2𝑢

𝜕2𝑣

𝜌 ( 𝜕𝑡 + 𝑢 𝜕𝑥 + 𝑣 𝜕𝑦 + 𝑤 𝜕𝑧 ) = − 𝜕𝑥 + 𝜇 (𝜕𝑥 2 + 𝜕𝑥 2 +
𝜕𝑣

𝜕𝑣

𝜕𝑣

𝜕𝑤

𝜕𝑤

𝜕𝑤

𝜕𝑣

𝜕𝑝

𝜕2 𝑢

𝜕2𝑣

𝜕2 𝑤
𝜕𝑥 2

) + 𝜌𝑔𝑥

𝜕2𝑤

𝜌 ( 𝜕𝑡 + 𝑢 𝜕𝑥 + 𝑣 𝜕𝑦 + 𝑤 𝜕𝑧 ) = − 𝜕𝑦 + 𝜇 (𝜕𝑦 2 + 𝜕𝑦 2 + 𝜕𝑦 2 ) + 𝜌𝑔𝑦
𝜌 ( 𝜕𝑡 + 𝑢 𝜕𝑥 + 𝑣 𝜕𝑦 + 𝑤

𝜕𝑤

𝜕𝑝

𝜕2 𝑢

𝜕2𝑣

) = − 𝜕𝑧 + 𝜇 ( 𝜕𝑧 2 + 𝜕𝑧 2 +
𝜕𝑧

𝜕2𝑤
𝜕𝑧 2

) + 𝜌𝑔𝑧

(5)
(6)
(7)

𝜕𝑝

Here, 𝜌 is the density, 𝜕𝑥 is the pressure gradient in the x-direction, 𝜇 is the viscosity, and 𝑔𝑖
is the gravitational acceleration in the i-direction. The physical principle of these equations is
that momentum is conserved, similarly to Newton’s second law equating force to mass
multiplied by acceleration.
12

Energy equation for the fluid:
𝜌𝐶𝑝 (

𝜕𝑇
𝜕𝑇
𝜕𝑇
𝜕𝑇
𝜕
𝜕𝑇
𝜕
𝜕𝑇
𝜕
𝜕𝑇
(𝑘 ) +
(𝑘 ) + (𝑘 ) +
+𝑢
+𝑣
+𝑤 )=
𝜕𝑡
𝜕𝑥
𝜕𝑦
𝜕𝑧
𝜕𝑥 𝜕𝑥
𝜕𝑦 𝜕𝑦
𝜕𝑧 𝜕𝑧
𝜕𝑝

𝜕𝑝

𝜕𝑝

𝜕𝑝

( 𝜕𝑡 + 𝑢 𝜕𝑥 + 𝑣 𝜕𝑦 + 𝑤 𝜕𝑧 ) + 𝜇Φ + 𝑞̇
𝜕𝑢 2

𝜕𝑣 2

𝜕𝑤 2

𝜕𝑣

𝜕𝑢

𝜕𝑤

𝜕𝑣

(8)
𝜕𝑢

Where Φ = 2 [(𝜕𝑥 ) + (𝜕𝑦) + ( 𝜕𝑧 ) ] + (𝜕𝑥 + 𝜕𝑦)2 + ( 𝜕𝑦 + 𝜕𝑧 )2 + ( 𝜕𝑧 +
2 𝜕𝑢

(

3 𝜕𝑥

+

𝜕𝑣
𝜕𝑦

+

𝜕𝑤 2
)
𝜕𝑥

−

𝜕𝑤 2
)
𝜕𝑧

Here, Cp is the specific heat at constant pressure, T is the temperature, k is the thermal
conductivity, 𝑞̇ is the heat generation per unit volume which is 0 for this study. This equation
demonstrates that energy is conserved within any fluid flow.
Energy equation for the solid:
𝜕
𝜕𝑥

𝜕𝑇

𝜕

𝜕𝑇

𝜕

𝜕𝑇

(𝑘 𝜕𝑥 ) + 𝜕𝑦 (𝑘 𝜕𝑦) + 𝜕𝑧 (𝑘 𝜕𝑧 ) = 0

(9)

This equation demonstrates that energy is conserved with any solid via conduction heat
transfer.
The parameters studied in this model validation include the friction factor and Nusselt
number. The friction factor shown in Equation 10 will vary from case to case based on the
𝑑𝑝

pressure drop, 𝑑𝑥 , and velocity of the flow. The average heat transfer coefficient is calculated
using Equation 11 where 𝐴𝑏 is the area of the base where the heat flux is applied, N is the # of
channels which is one for this study, 𝐴𝑤 is the area for convection on the channel walls, 𝑇𝑤 is
the average channel temperature, and 𝑇𝑚 is the mean temperature of the fluid described as
Equation 13 [18], [19] where 𝑇𝑖𝑛 and 𝑇𝑜𝑢𝑡 are the inlet and outlet temperature of the fluid,
respectively. The average Nusselt number is defined as Equation 14 [18].
13

𝑑𝑝

2𝐷

𝑓 = −[(𝑑𝑥 ) (𝜌𝑈ℎ2)]
ℎ𝑚 = 𝑁𝐴

𝑞𝑤 𝐴𝑏

𝑤 (𝑇𝑤 −𝑇𝑚 )

𝐴𝑤 = (2𝐻𝑐 + 𝑊𝑐 )𝐿𝑥
𝑇𝑚 =
𝑁𝑢 =

(𝑇𝑖𝑛 +𝑇𝑜𝑢𝑡 )
2
ℎ𝑚 𝐷ℎ
𝑘𝑓

The boundary conditions for this model are as follows (see Fig. 5):
Inlet of the microchannel: 𝑢 = 𝑢𝑖𝑛 , 𝑣 = 0, 𝑤 = 0, 𝑇 = 𝑇𝑖𝑛 = 300 𝐾
Outlet of the microchannel: 𝑝 = 𝑝𝑜𝑢𝑡
Bottom wall of the heatsink: 𝑞𝑤 = −𝑘𝑠

𝜕𝑇𝑠
𝜕𝑛

= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 50 𝑊⁄𝑐𝑚2

Solid and fluid interfaces: 𝑢 = 0, 𝑣 = 0, 𝑤 = 0, 𝑘𝑓 ∇𝑇𝑓 = 𝑘𝑠 ∇𝑇𝑠

Fig. 5. Boundary conditions imposed on CFD model for model validation.
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(10)
(11)
(12)
(13)
(14)

2.5

Simulation Method
Similar to the model validation case, Ansys Fluent is used conduct the CFD simulations

for this study, but instead of only using the standard SIMPLE scheme for pressure-velocity
coupling, the coupled scheme is deployed for better convergence results. The convergence
criteria were set to 1e-6 for all governing equations. Typical normalized residuals are
displayed in the Fig. 6 which shows tight convergence. The coolant for these simulations is
water and the solid is silicon and their thermophysical properties are shown in Table 5.

Fig. 6. Normalized residuals vs. iterations for vertical wavy MCHS with constant
amplitude and constant wavelength at Re = 500
Table 5
Thermophysical Properties of the Solid and Fluid Used
Material
Density (kg /m3) Cp (J/ kg K)
Coolant: Water
998.2
4182
Solid: Silicon
2329
702
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k (W /m K)
0.6
124

𝝁 (kg/ m s)
0.001003
--

The boundary conditions that are used for the following simulations are shown in Fig. 7
and are nearly identical to those used in the model validation except the constant heat flux
applied at the bottom wall is now 100 W/cm2.

Fig. 7. Boundary conditions imposed for the CFD simulations.
2.6

Geometric Design
All of the 3D models will be created in SOLIDWORKS software. A single wavy unit is

shown in Fig. 8. A wavy unit can be created simply by knowing the wavelength and
amplitude connecting the points using the arc feature. There will be seven wavy units in total
for each MCHS.
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Fig. 8. One wavy unit with A = 100 𝜇m and 𝜆 = 1000 𝜇m.
For the cases that are varying in wavelength, ∆𝜆, along the flow direction, an arithmetic
progression method proposed by Lin et al. [13] will be used. The cases examined with
varying wavelength are ∆𝜆 = 150 𝜇m, 300 𝜇m. The wavelength or amplitude will change in
the following fashion:
•

𝜆𝑖+1 − 𝜆𝑖 = ∆𝜆 for i = 1,2,3,4,5,6
o e.g. if ∆𝜆 = 300 𝜇m and 𝜆1 = 1100 𝜇m, then 𝜆2 = 1400 𝜇m, etc. (shown in
Figure 4)

An example of one wavy unit with a wavelength of 1100 is shown in Fig. 8. Seven wavy
units varying in wavelength with ∆𝜆 = 300 𝜇m is shown in Fig. 9. It should be stated that the
fourth wavy unit for each geometry is 2000 𝜇m, and the projected (straight) length of each
geometry is 14000 𝜇m. It should also be noted that for a case with ∆𝜆 = 150 𝜇m the
wavelength is increasing in the flow direction, and for a case with ∆𝜆 = −150 𝜇m the
wavelength is decreasing in the flow direction.
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Fig. 9. Seven wavy units with ∆𝜆 = 500 𝜇m and ∆𝐴 = -25 𝜇m.
The constant geometric parameters for the MCHS in this study are listed in Table 6. The
channel cross-section area and its respective parameters are shown in Fig. 10. The aspect
ratio for all geometries in this study is 5, which was selected based on high performance of
vertical wavy MCHS with an aspect ratio of 5 by Zhu et al. [12]. Fig. 11 and Fig. 12
provided one case of geometries that is studied for vertical and horizontal wavy MCHS,
respectively.
Table 6
Constant Geometric Parameters of Wavy MCHS
𝐻𝑐 (𝜇𝑚) 𝑊𝑐 (𝜇𝑚)
500
100

𝑆𝑟 (𝜇𝑚)
60

𝑆𝑏 (𝜇𝑚)
200

𝐷ℎ (𝜇𝑚)
166.67

𝐿𝑐 (𝜇𝑚)
14000

Fig. 10. Channel profile of wavy MCHS geometries.
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Fig. 11. x-y plane (side) view of vertical wavy MCHS with A = 100 𝜇m and ∆𝜆 = 300 𝜇m.

Fig. 12. x-z plane (top) view of horizontal wavy MCHS with A = 100 𝜇m and ∆𝜆 = 300 𝜇m.
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3 RESULTS AND DISCUSSION
3.1

Model Validation – Results
The Nusselt number and friction factor were obtained via CFD simulations for Reynolds

number ranging from 300-800, with an increment step of 100. The results for the friction
factor are displayed in Fig. 13. These results show good agreement with those of Sui et al. [7]
as the experimental uncertainty for the friction factor was listed at 3%. The results for the
Nusselt number are shown in Fig. 14 and convey an overall agreeable trend with the
experimental data that listed an uncertainty of 18%. This difference may be due to the density
and viscosity of water for the experiments being measured at the mean fluid temperature. The
largest difference in results occurs at lower Reynolds numbers of 300 and 400. This
difference can be due to a couple of reasons. Firstly, the experiments could have been able to
completely capture the inlet temperature at 300 K which would result in a small difference of
mean temperature and heat transfer coefficient. Second, the inlet velocity condition of the
experiments isn’t explicitly explained, so a small deviation in velocity could affect the heat
transfer performance. For these simulation results there is no identifiable mesh dependency,
so the coarse mesh was used for the following simulations to reduce the computational time.
Dean vortices develop in the y-z plane along the channel and change in size and location
significantly along the flow direction throughout the peaks and troughs of the waves. Three
2D plane slices are created to display the flow fields at the front in Fig. 15, the middle in
Fig. 16, and the end in Fig. 17, all within the sixth wavelength. The flow fields appear to be
symmetric at about the mid-plane of the channel height. This is due to the two walls on
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Fig. 13. Comparison of friction factors with experimental data from Sui et al. [7] with
power trendline.
top and bottom enclosing the flow and the symmetry of the channel about the mid-plane of
the channel height. No vortices are produced in the lateral direction which likely because of
the small amplitudes of the MCHS.
As mentioned above in the Model Validation – Geometry section, two methods were
adopted to replicate fully developed flow entering the inlet of the channel. Table 7 lists the
friction factor and Nusselt numbers for all inlet cases at the extreme flow rates corresponding
to Re = 300 and Re = 800 for the coarse mesh. The results are very similar for the friction
factor for all three cases, but both of the extended inlet cases produced a slightly larger
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Fig. 14. Comparison of Nusselt numbers with experimental data from Sui et al. [7] with
linear trendline.
Nusselt number. This is not completely intuitive as the difference between the wall
temperature, 𝑇𝑤 , and the mean fluid temperature, 𝑇𝑚 , is smaller in the entrance region for a
pipe at constant heat flux resulting in a higher heat transfer coefficient, but the difference
grows and becomes constant once fully developed flow is reached [20]. This will need to be
further investigated to ensure there were no heat losses into the extended inlet section which
would result in a slightly lower wall temperature, and thus a slightly higher Nusselt number.
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Fig. 15. Velocity vectors along z-y plane of wavy MCHS at x = 5𝜆.

Fig. 16. Velocity vectors along z-y plane of wavy MCHS at x = 5.5𝜆.
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Fig. 17. Velocity vectors along z-y plane of wavy MCHS at x = 6𝜆.
Table 7
Friction Factor and Nusselt Number at Re = 300 and Re = 800 for All
Inlet Cases With Coarse Mesh

Inlet type
Uniform velocity inlet
Extended wavy inlet
Extended straight inlet
3.2

f
Nu
Re = 300 Re = 800 Re = 300 Re = 800
0.267
0.154
10.8
20.8
0.271
0.157
11.1
21.0
0.264
0.152
11.1
20.8

Simulation Results – Constant Amplitude and Constant Wavelength
Simulations were conducted for the vertical wavy and horizontal wavy design with a

constant amplitude of A = 100 𝜇m and 𝜆 = 2000 at Re of 100, 200, 300, 400, 500. These two
designs were compared to the straight channel case to see if the heat transfer performance
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Fig. 18. Y-Z plane velocity streamlines at x = 5𝜆, 5.25𝜆, 5.5𝜆, 5.75𝜆, 6𝜆 for the
vertical wavy design with A = 100 𝜇m and 𝜆 = 2000 𝜇m at Re = 500.

Fig. 19. Y-Z plane velocity streamlines at 5𝜆, 5.25𝜆, 5.5𝜆, 5.75𝜆, 6𝜆 for the
horizontal wavy design with A = 100 𝜇m and 𝜆 = 2000 𝜇m at Re = 500.
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was better. Velocity streamlines are shown in Fig. 18 and Fig. 19 for the vertical and
horizontal wavy designs, respectively. It can be seen that in the peaks and troughs of the
vertical wavy design there are two long symmetrical vortices that form along the sides of the
channel and run vertically in the z-direction. These vortices can create some mixing but are
hindered and not able to grow any larger in width due to the slenderness of the channel
width. In Fig. 19 it can be seen that symmetrical vortices are also produced in the flow of the
horizontal wavy design. There are four vortices in total and are symmetrical amongst the
midpoint of the channel in the z-direction. These vortices are able to produce a lot of mixing
and in different regions of the 2D-plane of the channel which helps with the overall cooling
of the fluid.
Temperature contours for the all cases are shown in Fig. 20. The straight channel has a
large blue region of cool temperature for the fluid and absorbs more heat as it travels through
the length of the channel with no mixing that occurs. The blue region is slightly smaller for
the vertical wavy design, but it can be seen that the coolant near the bottom wall of the
channel has a much higher temperature. This may be due to this location being at a trough of
the vertical wavy design which by the nature of the design has less solid material between the
bottom wall of the channel and the bottom wall of the heat sink, so the fluid will be closer to
where the heat flux is applied. The horizontal wavy design produced adequate mixing and the
blue region is noticeably smaller due the heat dissipating better throughout the coolant.
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Fig. 20. Temperature contour of fluid along y-z cross
section at x = 5.75𝜆 for (a) straight, (b) vertical, and (c)
horizontal with A = 100 𝜇m and 𝜆 = 2000 𝜇m.
The results for the Nusselt number are shown in Fig. 21. The straight and vertical wavy
design both performed similarly but at Re of 300 and higher the straight channel begins to
yield a slightly higher Nu. The horizontal wavy design underperforms for Re of 100 and 200,
but follows a linear trend and has a much higher Nu then both the straight and vertical
designs at Re of 400 and 500.
The pressure drop comparison is shown in Fig. 22, and it can be seen that the straight
design produces a smaller pressure drop than the vertical and horizontal wavy designs. This
is mainly because the path traveled by the straight channel is slightly shorter than the path
traveled by the wavy designs as the follow the arc lengths of the sinusoidal wave. Fig. 23
displays the maximum temperature difference along the bottom wall which shows that
similar to the Nu, the horizontal wavy design underperforms compared to the straight and
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Fig. 21. Nusselt number of straight, vertical, and horizontal wave MCHS with A = 100
𝜇m and 𝜆 = 2000 𝜇m.
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Fig. 22. Pressure drop across the heatsinks for straight, vertical, and horizontal wave
MCHS with A = 100 𝜇m and 𝜆 = 2000 𝜇m.
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Fig. 23. Maximum temperature difference along the bottom wall of straight,
vertical, and horizontal wave MCHS with A = 100 𝜇m and 𝜆 = 2000 𝜇m.
vertical wavy designs for Re of 200 and 300 but obtains a lower temperature difference at
higher Re. The thermal resistance is shown in Fig. 24 where the straight and vertical wavy
design perform very similar for all Re while the horizontal wavy design has a higher thermal
resistance up until Re of 400 and then is nearly equal to the straight and vertical wavy design
at Re of 500.
3.3

Simulation Results – Constant Amplitude and Changing Wavelength
The rest of the simulations that were conducted had a constant amplitude where 𝐴 =

100 𝜇m and a changing amplitude varying from ∆𝜆 = −300 𝜇m, -150 𝜇m, 150 𝜇m, and 300
𝜇m for both vertical and horizontal wavy designs. These cases were compared to the straight
case for all performance metrics. Fig. 25 shows the temperature contours of the bottom wall
where the heat flux is applied for the straight case and all horizontal designs with changing
wavelengths. It can be seen that the straight channel has the largest temperature difference
29

12
11
10

R

9
8
7
6
5
4
0

100

200

300

400

500

600

Re
Vertical

Horizontal

Straight

Fig. 24. Thermal resistance of straight, vertical, and horizontal wave MCHS with A = 100
𝜇m and 𝜆 = 2000 𝜇m.

Fig. 25. Temperature contours of bottom wall for (a) straight and horizontal wavy MCHS
with (b) ∆𝜆 = 300 𝜇m, (c) ∆𝜆 = 150 𝜇m, (d) ∆𝜆 = −150 𝜇m, (e) ∆𝜆 = −300 𝜇m.
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along the base and has the worse heat dissipation as the dark red region covers nearly half of
the bottom wall. As the change in wavelength decreases, the temperature difference along the
bottom wall decreases and better heat dissipation is shown. For the case with ∆𝜆 = −300 𝜇m
there is no dark red region, but only an orange region that visually displays the hot end of the
wall because the heat was more effectively transferred throughout the heat sink for this case.
The Nusselt number is shown in Fig. 26. The horizontal wavy design performed better
than the straight and vertical wavy design for all cases of changing wavelengths, with a peak
occurring at ∆𝜆 = 150 𝜇m. The vertical wavy design only performed better than the straight
for cases that had change in wavelength increasing in the flow direction. Fig. 27 shows the
maximum temperature difference along the bottom wall which was intuitive for the vertical
wavy results because a lower Nu resulted in a higher maximum temperature difference. The
horizontal wavy design however, followed a different trend and showed that the lowest
maximum temperature difference was found for the case with the largest change in
wavelength that decreased in the flow direction. Fig. 28 shows the thermal resistance which
showed a very similar trend for both the vertical and horizontal wavy designs. The vertical
wavy design with the lowest thermal resistance had a ∆𝜆 = −150 𝜇m, while the horizontal
wavy design with the lowest thermal resistance had a ∆𝜆 = −300 𝜇m.
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Fig. 26. Nusselt number at Re = 500 as a function of ∆𝜆.

Fig. 27. Maximum temperature difference along the bottom wall at Re = 500 as
a function of ∆𝜆.
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Fig. 28. Thermal resistance at Re = 500 as a function of ∆𝜆.
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4 SUMMARY AND CONCLUSION
The results of this study have provided trends that show that the horizontal wavy design
performs better than both the straight vertical wavy design for while varying the wavelength.
The best performing case for the horizontal design is ∆𝜆 = −300 𝜇m that had the largest
decrease in wavelength along the flow direction and yielded the lowest thermal resistance
and maximum temperature along the base. It can be concluded that the first part of the
hypothesis presented in this study is correct, that varying the wavelength along the flow
direction will enhance the heat transfer performance for horizontal wavy MCHS. The vertical
wavy design on the other hand performed worse than the straight channel obtaining a higher
thermal resistance and maximum temperature along the base, and lower Nusselt number
which may be due to the high aspect ratio chosen for this study which hindered the growth of
the symmetrical vortices produced. These results show that the horizontal wavy design is
more effective than the straight and vertical channel especially with larger decrease in
wavelength.
There is still more to be investigated regarding horizontal and vertical wavy MCHS to
better improve the designs and increase the heat transfer capabilities. One path to pursue is
the impact of the channel aspect ratio on heat transfer performance especially for the vertical
wavy design because a larger aspect ratio made allow for larger vortices to form within the
middle of the channel. Also, it will be interesting to see if varying the amplitude along the
flow direction with a constant wavelength will enhance the heat transfer performance for
either wavy design. These further investigations may aid in discovering a superior heat sink
design.
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